Within the framework of an international project for the sequencing of the entire Bacillus subtilis genome, a 36-kb chromosome segment, which covers the region between the gnt and iol operons, has been cloned and sequenced. This region (36447 bp) contains 33 complete open reading frames (ORFs; genes) including the four gnt genes and one partial gene. A homology search for the products of the 33 complete ORFs revealed significant homology to known proteins in 16 of them such as tetracycline resistance protein (Clostridium perfringens), asparagine synthetase [Arabidopsis thaliana), aldehyde dehydrogenase (Pseudomonas oleovorans), 2,5-dichloro-2,5-cyclohexadiene-l,4-diol dehydrogenase (P. paucimobilis), heat shock protein HtpG (Escherichia coli), galactose-proton symporter (E. coli), auxin-induced protein (common tobacco), glucitol operon repressor (E. coli) and methylmalonate-semialdehyde dehydrogenase (P. aeruginosa). Unlike the regions we sequenced so far, this region contained two short sequence multiplications: one was a tandem sequence duplication (409 and 410 bp), and the other a triplication consisting of two highly conserved 118-bp tandem sequences preceded by a less conserved similar sequence (129 bp). The reasons for the presence of these sequence multiplications in the gnt to iol region were deduced.
Introduction
Within the framework of an international project for the sequencing of the entire Bacillus subtilis genome, we are responsible for the sequencing of an approximately 180-kb chromosomal region between sacS (333°) and gnt (344°). In our previous communications on this project, we described our sequencing strategy, and reported the sequencing and gene features of the 15-kb region containing the iol operon involved in myo-inositol utilization 1 and those of the 29-kb region containing the hut and wapA loci. 2 In this third communication, we describe the sequencing and gene features of the 36-kb region between the gni? and iol 1 operons. 1 and plasmid pGNT41 carrying the upstream region of the gnt operon 4 was described previously. NZY and L broth were used for growth of the E. coli strains to propagate phages A DASH II and M13mpl9, respectively. 1 
Materials and Methods

Bacterial strains, phages
Cloning and sequencing of the region between the
gnt and iol operons A B. subtilis genomic library, previously prepared using A DASH II, 1 was screened by plaque hybridization as described previously 1 to obtain A DASH II recombinant clones (BE2-5 and N4.4-1).
To determine the nucleotide sequence of the gnt to iol region, each target DNA fragment isolated from re- striction enzyme digests of the inserts of the A DASH II clones (BE2-5, N4.4-1 and EMU) was self-ligated, randomly fragmented with DNase I, and cloned into phage M13mpl9 as described previously. 1 The polymerase chain reaction (PCR)-amplified products of the inserts of M13mpl9 recombinant clones derived from each fragment were sequenced with a DNA sequencer (373A; Applied Biosystems) using a Dye Primer Cycle Sequencing Kit (Applied Biosystems) and compiled as described previously. 1 The resulted sequence islands of connected sequences were aligned with reference to a physical map of each fragment, and then several gaps between sequence islands were filled by sequencing PCR products prepared using synthetic primers and the chromosome DNA as template, as described previously. 
Computer analysis
The DNA sequences determined were analyzed with the GENETYX-MAC 6.2.0 program (Software Development Co., Ltd., Tokyo) and the GeneWorks 2.3 program (Intelligenetics, Mountain View, CA). Homology search for putative gene products was performed with the FASTA program 5 using a GenomeNet FASTA server (Supercomputer Laboratory, Institute for Chemical Research, Kyoto University; e-mail: fasta@genome.ad.jp).
Results and Discussion
Cloning and physical mapping of the region between
the gnt and iol operons To clone the B. subtilis gnt region, a B. subtilis genomic library constructed using A DASH II 1 was screened using the insert DNA of plasmid pGNT41 4 as a probe (BE2 in Fig. 1 ), which is a 2-kb fragment containing the upstream portion of the gnt operon. With this screening, three recombinant A DASH II clones including a clone BE2-5 ( Fig. 1) were obtained, and the physical maps of their inserts with respect to BamRl, EcoRl, Hindlll, Notl and Sail sites were constructed by the method of Kohara et al. 6 Then, the maps of the inserts of these clones and the 7.0-kb gnt + fragment containing the entire gnt operon of <plO5gnt + (Fig. I ) 3 were connected together to construct a continuous physical map of the gnt region ((f>105gnt + and BE2-5 in Fig. 1 ).
On the other hand, to extend the cloned region from the iol operon 1 toward the gnt operon, the library was screened with a 4.4-kb Notl fragment (N4.4 in Fig. 1 ), derived from the insert of the A DASH II clone EMU as a probe, which carries the upstream region of the iol operon. 1 With this screening, only one recombinant clone, N4.4-1, was obtained ( Fig. 1) . A physical map of the insert of this clone (17 kb) was also constructed as described above, where a Notl site was located ( Fig.  1 ). We reported previously that the Notl site within the EMU insert is the one located at 4082 kb on the B. subtilis chromosome 1 ' 7 ( Fig. 1) . According to the Notl map of the B. subtilis chromosome 7 and the physical map of the N4.4-1 insert, the Notl site found in the N4.4-1 insert must be the one at 4089 kb on the B. subtilis chromosome ( Fig. 1) . Thus, the physical maps of the N4.4-1 and EMU inserts were connected to form a continuous map of the upstream region of the iol operon.
These two physical maps of the gnt region and the upstream region of the iol operon were found to overlap each other by about 6 kb ( Fig. 1 ). This overlap was confirmed using a 3.1-kb Hindlll fragment derived from the N4.4-1 insert (H3.1 in Fig. 1 ) as a probe (data not shown). Thus, we successfully constructed a continuous physical map of the cloned region between the gnt and iol operons (36 kb), as shown in the upper part of Fig. 1 .
The above physical mapping also clearly indicates that the direction of movement of the replication fork is from the gnt operon to the iol operon ( Fig. 1) , and that the direction of gnt transcription 3 is opposite to that of replication.
Sequencing of the region between the gnt and iol
operons The 5482-bp sequence containing the gntR, gntK, gntP and gntZ genes, comprising the gnt operon, was reported previously (J02584 3 in Fig. 1 ). To extend this sequence toward the iol operon, a 14-kb Sail fragment (S14 in Fig.  1 ) carrying the BE2-5 insert DNA was firstly sequenced. A short gap between the two sequences (J02584 and S14) was filled by sequencing the PCR product prepared using the chromosomal DNA as a template (PCR in Fig. 1 ). Connection of these three sequences resulted in a 18204-bp sequence of the gnt region (D31629 8 in Fig. 1 ). To determine the nucleotide sequence of the upstream region of the iol operon, 7-kb EcoEV-EcoRl and 3-kb EcoRI fragments of the N4.4-1 insert (VE7 and E3 in Fig. 1 , respectively) were sequenced separately, and 4.4-kb Notl and 4.8-kb Nofl-Sall fragments (SS92 in Fig.  1 ) derived from the EMU insert were mixed together and randomly sequenced. Connection of the obtained sequences of the fragments (VE7, E3 and SS92) resulted in a 18270-bp sequence of the upstream region of the iol operon.
These 18204-bp and 18270-bp sequences overlapping each other by 373 bp were finally connected together with a 346-bp Sail fragment which is part of the sequence reported previously (D14399 1 ), resulting in the 36447 bp sequence of the gnt to iol region. Fig. 1 , a computer analysis of the 36447-bp sequence revealed 33 complete ORFs (genes) (gntZ, gntP, gntK, gntR, S14A, S14B, S14CR, S14D, S14E, S14F, S14G, S14H, S14IR, S14J, S14K, S14L, S14MR, VE7AR, VE7BR, VE7CR, VE7D, VE7E, VE7FR, E3A, E3BR, ESC, SS92A, SS92BR, SS92CR, SS92DR, SS92ER, SS92FR and E83A) and a partial ORF (E83B). Sequencing of part of the E83A gene and the E83B gene was reported previously. 1 The endpoints of these genes in the sequence (36447 bp) and their features, such as molecular size in amino acids (aa), putative Shine-Dalgarno (SD) sequence and initiation codons, are listed in Table 1 .
Genes found in the gnt to iol region and their features As shown in
Of the 34 genes, 28 including E83B were predicted to use ATG as the initiation codon, though S14CR, E3A, SS92A and SS92BR, and SI4D and E3C might use GTG and TTG, respectively. This suggests that the relative frequency of the genes in this region which utilize these initiation codons was slightly different from that reported recently, 9 ' 10 in that GTG was more frequently used than TTG in the present study.
The direction of transcription of 17 out of the 34 genes is opposite to the movement of the replication fork. This is not consistent with the recent observations that transcription tends to be co-directional with replication in regions located relatively close to oriC, like the gnt to iol region.
1,2,9-11
Homology search of the gene products encoded in the gnt to iol region We searched for homology of the 33 complete ORF products with known protein sequences present in a Table 2 (FASTA optimized score >235), and the other 17 proteins showed low homology (FASTA optimized score <170), implying that they might be unique proteins.
The four gnt genes constitute the gnt operon of B. subtilis, 3 and the similarity between the gnt genes of B. subtilis and those of B. licheniformis was previously described. 8 As described by Reizer et al., 12 the GntZ protein showed significant homology to the 6-phosphogluconate dehydrogenases of many organisms such as E. coli, 13 Citrobacter amalonaticus (GP; CAU14426_1) and Salmonella enterica (GP; SEU14502_l), suggesting that the gntZ gene encodes 6-phosphogluconate dehydrogenase. The GntP, GntK and GntR proteins are the gluconate permease, the gluconate kinase and the repressor of the gnt operon, respectively. 3 The GntK protein showed homology to xylulose kinases of several organisms such as Staphylococcus xylosus 14 and Lactobadllus pentosus, 15 and to glycerol kinases of several organisms such as B. subtilis 16 and E. coli. 17 The S14A, S14CR and S14H proteins showed homology to several hypothetical proteins of several microorganisms, as listed in Table 2 , though no information regarding their function was obtained. The S14MR protein showed homology to a tetracycline-resistance protein of Clostridium perfringens, which mediates active tetracycline efflux. 18 The VE7AR protein showed homology to asparagine synthetases of several organisms such as Pisum sativum 19 and Arabidopsis thaliana (GP: ATHMTDGDAS_1). The VE7FR protein showed significant homology to aldehyde dehydrogenases of several organisms such as Pseudomonas oleovorans 20 and the rat, 21 suggesting that this protein might function as an aldehyde dehydrogenase. This protein also showed significant homology to the Ipa-58r protein of B. subtilis. 9 The E3BR protein showed homology to a 2,5-dichloro-2,5-cyclohexadiene-l,4-diol dehydrogenase of P. paucimobilis, 22 Ipa-82r protein of B. subtilis, 9 glucose 1-dehydrogenase of B. megaterium (PIR: jsO385) and a 7a-hydroxysteroid dehydrogenase of E. coli, 23 suggesting that this protein might be some kind of dehydrogenase. The SS92A protein showed significant homology to the heat shock protein HtpG of E. coli, 24 suggesting that this protein is a B. subtilis HtpG homologue. The SS92BR protein showed homology to sugar transport proteins of several organisms such as E. coli 25 (SP; GALP_ECOLI), common tobacco (PIR: s25015) and Klebsiella oxytoca (GP: KOARAE_1), suggesting that this protein might be involved in sugar transport. The SS92ER protein showed homology to an auxin-induced protein of common tobacco (PIR: sl6390), a benzenesulfonamide-induced protein of Zea mays 26 and the /?-subunit of a potassium channel in the rat, 27 though its function is obscure. The SS92FR protein showed homology to the repressor proteins of the glucitol 28 and glycerol-3-phosphate operons (PIR: a30282) of E. coli, suggesting that this protein belongs to the DeoR family of bacterial regulatory proteins. The E83A protein showed homology to the methylmalonate-semialdehyde dehydrogenases of P. aeruginosa 29 the rat 30 and human, 30 and the Ipa-76d protein of B. subtilis, 9 suggesting that this protein possesses a similar function.
Disruption of the SS92FR gene made the synthesis of the inositol dehydrogenase encoded by the idh gene belonging to the iol operon 1 constitutive (K. Yoshida and Y. Fujita, unpublished observations), suggesting that the SS92FR product is a negative regulator of the iol operon. Furthermore, a promoter for the iol operon, which is likely recognized by a A , was identified between the SS92FR and E83A genes (K. Yoshida and Y. Fujita, unpublished observations), implying that the iol operon might consist of 10 genes including E83A. Details of these observations will be described elsewhere.
Short sequence multiplication found in the gnt to
iol region In the nucleotide sequence of the gnt to iol region, two sequence multiplications were found, one is a tandem duplication of 409-and 410-bp sequences, as shown in Fig.  2A [DA, nucleotides (nts) 15129-15537; DB, nts 15538-15947]. The sequences of DA and DB were identical to each other except that an adenine corresponding to nt 15610 in DB is missing in DA. As shown in Fig. 2A , DA is located within the S14K gene, and the S14K and SI4L genes are separated within DB. Thus, this duplication creates a 115-aa identical sequence both in the C-terminal region of the S14K protein and in N-terminal region of the S14L protein, as shown in Fig. 2A . If DB were deleted, the S14K and SI4L genes could be connected to form a single larger ORF. This larger ORF might have been an ancestral gene before this duplication occurred. Interestingly, the same sequence of the first 7 bases of DA and DB (GCGGCGG) was found in the first sequence following DB, implying that this sequence might have played some role in the occurrence of this duplication.
The other multiplication is a sequence triplication of two tandem highly conserved 118-bp sequences, TB (nts (Fig. 2B) . In the TA sequence, the 3' 75-bp sequence is identical to that of TB at all but four positions, though the 5' 54-bp sequence is less conserved (Fig. 2B ). This triplication is located in the non-coding region between the VE7CR and VE7D genes which are likely transcribed divergently. Although this triplication might have resulted from unnecessary DNA recombination, it is also possible that it is involved in the regulation of the expression of the VE7CR and VE7D genes. Interestingly, a <r A -dependent promoter-like sequence was found in both of the reverse complementary sequences of TB and TC, upstream of the VE7CR gene (Fig. 2B) .
In addition to these two sequence multiplications, another characteristic of the gnt to iol region was that the direction of transcription of nearly half of the genes is opposite to the direction of replication, as described above. Furthermore, Yoshida et al. suggested recently that the gnt operon might have been translocated to the current location during evolution. 8 Moreover, this gnt to iol region must be included in a large chromosomal deletion of A igf causing pleiotropic defects but not affecting the genes essential for growth on a minimum medium or sporulation. 31 ' 32 These facts suggest that chromosomal rearrangements which occurred in this non-essential region might have been more frequently fixed and preserved than those in other chromosomal regions.
